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Abstract
Inhibition of the α4 subunit of both the α4β1 and α4β7 integrins has shown promise in decreasing
airway inflammation and airway hyperresponsiveness in various animal models. We hypothesized
that a novel, high-affinity α4β1 antagonist (LLP2A) would decrease the migration of eosinophils to
the lung and ameliorate the airway hyperresponsiveness in a mouse model of ovalbumin-induced
airway inflammation. To test this hypothesis, we administered LLP2A, or scrambled LLP2A (a
negative control), prior to exposure of sensitized BALB/c mice to ovalbumin aerosol. We can
partially prevent, or reverse, the airway inflammatory response, but not airways hyperresponsiveness,
by treatment of mice with LLP2A, a synthetic peptidomimetic α4β1 antagonist LLP2A. Specifically
engineered, PEGylated (PEG) formulations of this antagonist further reduce the airway inflammatory
response to ovalbumin lbumin, presumably by improving the circulating half-life of the drug.
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1. Introduction
Human asthma is a spectrum of diseases characterized by persistence of airway inflammation
that contributes to structural airway changes and alterations in airway mechanics, including
increased airway resistance and airway hyperreactivity. The key effector cells that dictate these
changes in the airways include eosinophils, mast cells, and Th-2 CD4 lymphocytes. While we
believe that the primary integrins, chemokines, and cytokines that govern the migration of these
cells into the lung have been identified, it is not clear which targets in which pathways will
lead to future asthma therapies.

Integrins are a family of cell surface receptors involved in numerous intercellular and cell-
matrix trafficking functions. Integrins exist as αβ heterodimers; the α4 subunit has proven an
attractive target for blocking organ-specific inflammation. Inhibition of the α4 subunit of both
the α4β7 and the α4β1 (very late antigen 4, VLA-4) integrins has shown promise in decreasing
airway inflammation and airway hyperresponsiveness. Whether such an inhibitor could
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improve the care of patients with asthma or other inflammatory airway disorders is now being
studied (Ravensberg et al., 2006).

We have previously published a series of studies describing the synthesis and activity of LLP2A
(Fig. 1), a novel, high-affinity α4β1 integrin peptidomimetic antagonist (Liu et al., 2006;Peng
et al., 2008;Peng et al., 2006). For example, we have shown that LLP2A binds specifically to
α4β1-expressing lymphomas (Peng et al., 2008;Peng et al., 2006). The purpose of the present
study was to elucidate the role of the α4β1 integrin in the recruitment of eosinophils and
lymphocytes to the lung in a common mouse model of allergic airway inflammation and
hyperresponsiveness. We hypothesized that there is a direct linkage between the expression
and activation of the α4β1 integrin on eosinophils and lymphocytes and increased airway
inflammation and hyperresponsiveness caused by exposure to ovalbumin lbumin. To test this
hypothesis, we administered LLP2A, or scrambled LLP2A (S-LLP2A, Figure 1), prior to the
ovalbumin exposures. We determined the response of this antagonist on the development of
airway inflammation, airway hyperresponsiveness, and goblet cell hyperplasia. We further
hypothesized that the bioavailability and efficacy of the synthetic α4β1 antagonist could be
improved by constructing different PEGylated (PEG) formulations of the α4β1 antagonist, i.e.,
LLP2A conjugated to a linear 30kDa polyethylene glycol (L-PEG-LLP2A), a branch 40 kDa
PEG (B-PEG-LLP2A) and a tetravalent 4-arm 10kDa PEG (T-PEG-LLP2A) (Figure 1).
LLP2A, S-LLP2A and the three PEGylated antagonists were tested in subsequent in vivo
experiments.

2. Materials and Methods
2.1 Synthesis of LLP2A, S-LLP2A and PEGylated LLP2A conjugates

LLP2A and S-LLP2A were synthesized as previously reported (Peng et al., 2006). PEGylated
LLP2A conjugates were designed to have PEG attached to the side chain of lysine (i.e., ε-
amino group) on LLP2A-K (structure is shown in Scheme 1), and two hydrophilic linkers
between LLP2A and K(PEG). The synthesis of LLP2A-K was performed on rink amide MBHA
resin by a standard solid-phase peptide synthesis approach using Fmoc-tBu chemistry and
HOBt/DIC coupling. The synthetic scheme is shown in Scheme 1. Fmoc-Lys(Boc)-OH was
first coupled to the resin, followed by coupling of two linkers. Then, LLP2A was constructed
as previously reported on the N-terminus of linker (Peng et al., 2006). The beads were
thoroughly washed and then dried under vacuum for 1 h before adding a cleavage mixture of
95% trifluoroacetic acid (TFA): 2.5% water: 2.5% triisopropylsilane (TIS). Cleavage of
compounds from the resin and removal of protecting group were achieved simultaneously over
2h at room temperature. The white crude products were precipitated with cold ether and purified
by semi-preparative reversed-phase high performance liquid chromatography (RP-HPLC) to
give LLP2A-K. PEGylations on the ε-amino group of LLP2A-K were achieved with linear 30
kDa PEG-NHS ester, branch 40kDa PEG-NHS ester and 4-arm 10 kDa PEG-NHS ester (Nektar
Therapeutics AL Corporation, Huntsville, AL) to give L-PEG-LLP2A, B-PEG-LLP2A and
TPEG-LLP2A, respectively. The following PEGylation protocol was used: 0.01 mmol of
PEGNHS ester was added to LLP2A-K (2 eq. to each NHS) in 0.5 ml of dimethylsulfoxide,
0.1 ml of saturated NaHCO3 and 1 ml of water and rotated overnight at room temperature. The
resulting solution was added to 50 ml diethyl ether. The precipitate was collected, washed three
times with diethyl ether and dried. The white solid was dissolved in water and purified by gel
filtration on a Superose 12 column (GE Healthcare, U.K.). The sizing column was run in 30%
acetonitrile in water with 0.1% TFA at a flow rate of 1 ml/min, and detected at peak of 254
nm. The active fraction was collected and lyophilized to give a white powder. The identity of
the compounds was confirmed by Matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF MS) on a Bruker BIFLEX III mass spectrometer (Billerica,
MA).
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2.2 Animals
Mice (Balb/c, 25–30 g, 8–12 wk old males) were purchased from Charles River (Wilmington,
MA). Mice were certified as chronic respiratory disease free, i.e. there were no paramyxoviral,
or other viral pathogens, present in these animals that might themselves provoke chronic airway
inflammation (Schwarze et al., 1997; Walter et al., 2002). Animals were housed in a HEPA-
filtered laminar flow cage rack with a 12-hour light/dark cycle and cared for by the staff of
Animal Resource Services at UCD in AAALAC- accredited facilities. Food (Purina Rodent
Chow) and water were provided ad libitum. Mice were euthanized at the end of an experiment
with an overdose of pentobarbital given i.p. All protocols were reviewed and approved by our
Institutional Animal Care and Use Committee.

2.3 Exposure of mice to ovalbumin aerosol
Mice were sensitized with two i.p. injections of 2 × 10 μg/0.1 ml chicken egg albumin two
weeks apart (ovalbumin, grade V, ≥98% pure, Sigma, St. Louis, MO), with alum as an adjuvant
(Temelkovski et al., 1998). Exposure to ovalbumin aerosols, performed using chambers and
generators we have described elsewhere (Kenyon et al., 2003a), were to 10 ml of a 10 mg/ml
(1%) solution, begun on day 28 after initiation of sensitization. Mice were exposed for up to
30 min, three times per week, for the duration of a given experiment. Age-matched control
animals were injected i.p. with ovalbumin (sensitized), but were not exposed to ovalbumin
aerosol, or were not sensitized to ovalbumin (i.p. saline injections) and were then exposed to
either ovalbumin aerosol, or to filtered air. The MMAD of our nebulized particles is 1.9 ± 0.21
μm with σg 2.59 ± 0.19. Aerosol mass concentration (protein) was about 90 mg/M3, which
corresponds to an efficiency of about 34% transfer of protein into the aerosol in the chambers
based upon the amount of liquid actually removed from the nebulizer (Kenyon et al., 2003b).

2.4 Experimental protocol
In our initial experiments, we tested the α4β1 antagonist LLP2A in mice sensitized to
ovalbumin and then exposed to either aerosolized ovalbumin or filtered air over 10 days (4
exposures) or 14 days (6 exposures). Mice were given three i.p. injections of either low dose
(2 mg/kg) or high dose (20 mg/kg) of the antagonist, or a scrambled, inactive compound (2mg/
kg), one hour before each of their last three ovalbumin exposures. In experiment 1, three groups
of mice were exposed to filtered air and three groups were exposed to ovalbumin over 14 days
(6 air + inactive compound (n=2), 6 air + low dose LLP2A (n=2), 6 air + high dose LLP2A
(n=2), 6 ovalbumin + S-LLP2A (n=4), 6 ovalbumin + low dose LLP2A (n=2), 6 ovalbumin +
high dose LLP2A (n=4)). In experiment 2, two groups of mice were exposed to air (4 air + S-
LLP2A (n=2), 4 air + low dose LLP2A (n=2)) or ovalbumin (4 ovalbumin + S-LLP2A (n=2),
4 ovalbumin + low dose LLP2A (n=2)) for 10 days. After the third ovalbumin exposure, mice
were anesthetized and placed on a mechanical ventilator to determine lung mechanics.

In our subsequent experiments, we used the 2mg/kg dose of the antagonist because it did not
appear that the higher dose had increased efficacy. The antagonist LLP2A and three PEGylated
formulations of the antagonist (i.e., L-PEG-LLP2A, B-PEG-LLP2A and T-PEG-LLP2A) were
administered intravenously by tail vein injection in mice exposed to ovalbumin for either 7
days (3 ovalbumin exposures) or 14 days. The decision to use the intravenous route of
administration with the PEGylated formulation was made after a consideration of the
pharmacology of the newly synthesized antagonists, to address concerns that absorption of the
larger PEGylated antagonists from a bolus dose i.p. might be impaired.

In experiment 3, four groups of mice (n=4 each) were exposed to ovalbumin for 7 days (3
exposures)—3ovalbumin + LLP2A, 3 ovalbumin + LLP2A-BPEG, 3 ovalbumin + LLP2A-
LPEG, 3 ovalbumin + LLP2A-inactive. In experiment 4, six groups of mice (n=3 each) were
exposed to ovalbumin for 7 days (3 exposures) or 14 days (6 exposures)—3 ovalbumin +
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LLP2A-TPEG, 3 ovalbumin + BPEG, 3 ovalbumin +LLP2A-inactive, 6 ovalbumin +TPEG,
6ovalbumin + BPEG, 6ovalbumin +LLP2A-inactive. Lung tissue and lavage samples were
measured in all mice; however, lung physiology measurements were not done on the mice in
experiment 4. To address the question of whether the LLP2A affected lung cell counts in either
it’s active or scrambled form, we exposed animals in experiment 5 to either filtered air or
ovalbumin six times over two weeks. Both the air-exposed and ovalbumin-exposed animals
were treated with and without LLP2A, LLP2A-inactive, LLP2A-TPEG, LLP2A-inactive-
TPEG (a new scrambled compound). The groups of mice for this final experiment (n=3–4
each), therefore, were air, air + LLP2A, air + S-LLP2A, air + LLP2A-TPEG, air + S-LLP2A-
TPEG, 6ovalbumin, 6ovalbumin +LLP2A, 6ovalbumin + S-LLP2A, 6ovalbumin + LLP2A-
TPEG, and 6ovalbumin + S-LLP2A-TPEG.

2.5 Airway inflammation, goblet cell hypertrophy, and airway fibrosis
We performed lung lavage on the animals two to five h after the last ovalbumin exposure. Mice
were lavaged with two 1-ml aliquots of 1x phosphate buffered saline (PBS). Each aliquot was
passed into and out of the lung twice. The total lavaged cell number was counted on a
hemacytometer and the cell differentials were examined in cyto-centrifuge preparations. Lungs
used for histology were cannulated via the trachea, and the mediastinal contents were removed
with the lungs as a single block. Lungs were fixed for one hour at 30 cm of pressure through
the tracheal cannula with 1% paraformaldehyde in PBS. The trachea was tied off to maintain
the fixative in the lungs, and the lungs were removed en bloc and kept at 4°C for up to 24 h,
then transferred to 70% ethanol for drying, embedding, and preparation of paraffin blocks by
standard techniques. Specimens were sectioned at 5 um on a Sorvall JB4 microtome. Picro-
Sirius red stain F3BA (Pfaltz and Bauer, CT) in 0.5% picric acid was performed for 30 min to
stain extracellular matrix proteins in the subepithelium. Light microscopy was used for analysis
of the slides. A grading system of 0–4 was established and the airways were scored by a blinded
observer under 200X power (Kenyon et al., 2003b). The grading scale used was: (0-no
peribronchial Sirius red stain; 1-evident Sirius red stain, but not consistently increased in all
airways; 2-slight, consistent increase in Sirius red depth of stain; 3-increased, uniform stain
depth throughout the airways; 4-dramatically increased depth of stain in all airways). We
quantified the relative number of goblet cells in the epithelium of the conducting airways of
Balb/c mice exposed to ovalbumin as cells positive for staining with the PAS-Schiff reagent.
The percentage of goblet cells in the airway epithelium was quantified by counting the number
of goblet cells in one representative daughter airway with a length of at least 100 basal epithelial
cells (visualized at 400X magnification) divided by the total cell number counted (goblet cells
+ basal epithelial cells).

2.6 Plasma –SH group content
We determined the total protein sulfhydryl (R–SH) content of blood plasma by a colorimetric
reaction using Ellman’s reagent (Sedlak and Lindsay, 1968) and modified the assay to use a
96-well plate format. Blood was collected by cardiac puncture, using EDTA as an
anticoagulant, and plasma was separated by centrifugation for 10 min at 2000rpm. We routinely
analyzed 10 μl aliquots of plasma.

2.7 Exhaled nitric oxide and nitrate/nitrite measurements
Exhaled gas was collected with a collection bag connected to the exhalation port during the
first 5 min the mouse was attached to the ventilator. Placement of the bag did not affect pressure
measurements. This 5-minute sample was adequate for the measurement of NO concentration
in the expired air, using a Sievers Nitric Oxide analyzer (Sievers, Boulder, CO) (Silkoff et al.,
1999). Lung lavage supernatants were collected and nitrate and nitrite were measured as an
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indicator of NO production after reduction with acidified vanadium III with the Sievers
Analyzer.

2.8 Lung compliance and resistance measurements
We measured dynamic compliance and resistance of the respiratory system with a
plethysmograph for restrained animals. (Buxco Inc., Troy, NY). A subgroup of mice from
experiments 1–3 underwent lung compliance and resistance measurements and lung lavage
was done immediately after the forty-five minute physiology protocol. For the protocol, mice
were deeply anesthetized and sedated with medetomidine, 0.5 mg/kg (Domitor, Orion Pharma,
Finland), and tiletamine/zolpidem, 50 mg/kg (Telazol, Fort Dodge Laboratories, Fort Dodge,
IA). Mice were ventilated at 7–8 cc/kg with a mouse ventilator (MiniVent, Harvard Apparatus,
Cambridge, MA) for the duration of the procedure. Compliance and resistance measurements
were made at baseline and immediately after serial 3-minute nebulizations of saline and
methacholine (0.1–2.0 mg/ml). Total lung resistance and compliance parameters were
computed for each breath from the flow and airway pressure signals throughout the respiratory
cycle. The breath to breath calculations were then averaged over three minute intervals and
recorded. The software calculated the measurements based on the equation P=QR +V/C
(Q=flow, R= resistance, V=volume, C=compliance). All measurements were made in the same
manner.

2.9 Statistical analysis of data
Results are presented as mean values ±S.E.M. Means were compared by t-test or by ANOVA,
with Tukey’s correction for multiple comparisons applied where appropriate. A P value of 0.05
or less was taken to indicate significance. Initial analysis of apparently correlated data was by
linear regression analysis, using the Prism (San Diego, CA) software package. Analysis of
interactive effects was by ANCOVA. R, a common open source statistical computing package
(URL: http://www.R-project.org), was used to perform this analysis.

3. Results
Balb/c mice were exposed to inhaled ovalbumin or to filtered air for seven to fourteen days
and treated with LLP2A (experiments 1 and 2) or PEGylated (experiments 3 and 4) and LLP2A
conjugates or scrambled LLP2A. Two mice treated with the L-PEG-LLP2A developed
evidence of alveolar hemorrhage by gross observation and lung lavage, but this was not evident
in subsequent experiments. The two animals were not specifically tested for evidence of acute
bacterial or viral infection, but there were no neutrophils in the lung. All other animals tolerated
the exposure without incident and the lungs appeared normal.

3.1 Effects of ovalbumin exposure on lung inflammatory response
In our first experiment, we tested both low (2 mg/kg) and high dose (20 mg/kg) of LLP2A
versus S-LLP2A, an inactive, scrambled compound. In all treatment groups, we observed a
significant increase in the numbers of inflammatory cells recovered by lung lavage from
sensitized mice exposed to ovalbumin compared to mice exposed to filtered air alone (Fig. 2).
The number of lung lavage cells from the groups of mice exposed to filtered air from all time
points evaluated was 6.81 ± 1.7 ×105 cells (pooled data from all groups, n= 6). The normal
lung lavage from a healthy mouse contains more than 95% alveolar macrophages (Hamada et
al., 2000), and our observations were consistent with this finding. There was a significant
increase in the number of total lung lavage cells and eosinophils (data not shown) in each of
the three ovalbumin exposed groups compared to the air exposed animals, but there was no
significant differences among the ovalbumin groups given the small number of animals in each
group: inactive compound (1.8 × 106 cells, n=4), low dose antagonist (1.1×106 cells, n=2),
high dose antagonist (1.65×106 cells, n=3). We interpreted the results from this experiment to
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suggest that the high dose (20mg/kg) would not be more efficacious, if at all, than the low dose
(2 mg/kg) antagonist and would have the potential to cause greater toxicity. The mean
percentage of lymphocytes and neutrophils was less than 1% in all groups of mice exposed to
ovalbumin in this model. The very low percentage of lymphocytes was surprising to us.

In our later experiments, we hypothesized that the addition of a PEGylated moiety to LLP2A
would improve the efficacy of this compound because it would increase the time to clearance
from the intravascular space. In these experiments, mice were exposed to ovalbumin for either
one or two weeks and treated with either an inactive antagonist (S-LLP2A), the LLP2A
antagonist (2mg/kg), or a uniquely synthesized L-, T-, or B-PEG-LLP2A compound. One week
exposed mice treated with LLP2A antagonist had significantly fewer total cells in the lung
lavage than mice treated with the inactive antagonist, S-LLP2A (2.23 ± 0.17 ×105 (n=6) vs.
3.91± 0.56 ×105 (n=7) respectively, P=0.02, Fig. 3A and B). Mice treated with the T-PEG-
LLP2A had significantly less lung lavage cells compared to the mice treated with the inactive
compound (0.89 ± 0.15 ×105 (n=3) vs. 3.92 ± 0.56 ×105 (n=7) respectively, P<0.001) and
significantly less cells compared to the non-PEGylated antagonist LLP2A (2.23 ± 0.17 × 105

(n=6) vs. 0.89± 0.15 × 105 (n=3) respectively, P=0.0016). The number of cells in the lung
lavage of the B-PEG-LLP2A group was higher than that of the inactive compound group,
suggesting that this compound does not appear to be effective beyond the 1 week time point.

The number of eosinophils in the lung lavage of mice exposed for 1 week and treated with the
active antagonist LLP2A or any of the PEGylated formulations was significantly less than in
the mice treated with the inactive compound (Fig. 4A). There were 1.57 ± 0.65 ×105 (n=7)
eosinophils in the mice treated with the inactive compound and between 0.98±0.05 × 105 and
2.23±0.42 × 105 eosinophils in the active-treated groups. There were no significant differences
in eosinophil counts among the four active treatment groups. After 6 ovalbumin exposures
(Fig. 4B), there was a trend to decreased numbers of eosinophils in the T-PEG group, but this
was not significant. Again, the percentage of neutrophils in all groups was less than 1 percent,
which was quite surprising. The percentage of lymphocytes in all groups exposed 6 times to
ovalbumin was 8 to 39 %, but the total numbers of lymphocytes in lavage fluid was not different
among the groups. All other lavageable cells were macrophages.

3.2 Effects of ovalbumin exposure on lung histology and goblet cell enumeraton
Exposure of sensitized mice to ovalbumin aerosol gave rise to changes in the lungs that were
consistent with those previously observed by us and others (Kenyon et al., 2003a; Kenyon and
Last, 2005). We saw evidence of eosinophilic airway inflammation and mucous cell
hyperplasia as the lesions evolved over two weeks time. Tissue sections from mice treated with
an active antagonist demonstrated significantly less airway inflammation than mice treated
with the inactive antagonist (Fig. 5A–D). As measures of airway remodeling, we quantified
the number of goblet cells in mice exposed to ovalbumin for two weeks, and semi-qualitatively
evaluated the degree in subepithelial collagen formation by Sirius Red staining (Kenyon et al.,
2003b). There were no significant differences in the percentage of PAS-Schiff stained goblet
cells in airways or the subepithelial collagen deposition score of mice treated with the active
or inactive compounds. Collectively, these results suggest to us that either there is no difference
between the groups, or that we are not able to determine a difference in the degree of airway
remodeling at the relatively early two-week time point in mice treated with the α4β1 integrin
antagonist.

3.3 Marker of oxidant stress
To test the hypothesis that exposure to antigen could cause local and systemic oxidative stress,
we analyzed the total R-SH content of blood plasma collected from mice exposed to ovalbumin
lbumin, and from their matched controls that breathed only filtered air. As shown in Fig. 6, we
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found increased total R-SH, suggesting less oxidative stress, in blood plasma in mice treated
with B-PEG-LLP2A compared to mice treated with the inactive compound (P=0.045).
Interestingly, there was no difference in the R-SH content in plasma between the inactive and
active, non-PEGylated antagonist. Any apparent reduction in total plasma R-SH could have
been due to oxidation of the R–SH groups on plasma proteins, but a decrease in plasma protein,
predominantly albumin, could also have been a factor.

3.4 Exhaled NO concentration and nitrite/nitrate from lung lavage
Exhaled nitric oxide (FeNO) concentration was measured in some, but not all, groups of mice.
FeNO did not differ significantly among the groups and the individual readings showed a high
degree of variability. We measured nitrate/nitrite (NOX) in lung lavage fluid to more accurately
determine reactive nitrosative stress. NOX concentrations in lung lavage fluid (5–9uM) were
not significantly different between any groups of mice. We concluded that differences in lung
inflammation seen with the integrin antagonist were independent of any effects on nitrosative
stress.

3.5 Lung compliance and resistance
Dynamic compliance (Cdyn) and resistance (Rrs) of the respiratory system were measured in
anesthetized, tracheotomized mice 1 to 3 h after their last ovalbumin exposure. As expected,
in our first experiment we found a significant decrease in the respiratory system compliance
and a significant increase in the resistance in the lungs of mice exposed to ovalbumin compared
to the lungs of mice exposed to filtered air. There were no differences among the three
ovalbumin exposed groups (Fig. 7A and B). Similarly, in the subsequent experiments testing
the physiologic effects of the PEGylated compounds, we found no statistically significant
differences in Cdyn (Fig. 8A and B) and Rrs among any of the groups exposed to ovalbumin
lbumin. The α4β1 antagonist did not appear to ameliorate physiological responses to inhaled
methacholine.

4. Discussion
We have previously demonstrated a sequence of inflammatory and structural airway changes
in the lungs of BALB/c mice sensitized and exposed to ovalbumin aerosols for one to eight
weeks (Kenyon et al., 2003a; Kenyon and Last, 2005). For this study, we hypothesized that
the administration of the novel, small molecule α4β1 antagonist LLP2A would inhibit the
migration of lymphocytes and eosinophils into the lung in mice exposed to ovalbumin for one
to two weeks by affecting α4β1 integrin function.

We can summarize our results as follows. Upon exposure to ovalbumin aerosol for one week,
sensitized BALB/c mice develop eosinophilic airway inflammation and airways
hyperresponsiveness. The i.p. administration of LLP2A, our α4β1 antagonist, can partially
prevent, or reverse, the inflammatory response, but not the airways hyperresponsiveness,
caused by ovalbumin exposure at the one week time point. The in vivo efficacy of this LLP2A
antagonist can be improved by the addition of a specific tetravalent PEGylated formulation (T-
PEG-LLP2A), presumably by increasing drug bioavailability.

α4 integrins are highly expressed on lymphocytes and have been used in the treatment of
lymphoma and multiple sclerosis. α4β1 (very late antigen 4, VLA-4) is expressed on all
circulating leukocytes, except neutrophils, and binds to vascular cell adhesion molecule-1
(VCAM-1) (Cortijo et al., 2006). α4 integrins and their binding sites, therefore, are attractive
therapeutic targets in inflammatory airways diseases, such as asthma and chronic bronchitis.
In asthma, there is a direct link between the α4 integrins and the allergic inflammatory cytokine,
interleukin-5 (IL-5). IL-5 is a cytokine that promotes the development of eosinophilic airway
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inflammation in asthma and encourages the development of podosome formation of
eosinophils and the adherence of α4β1 to VCAM-1 in the lung (Johansson et al., 2004). At
least two preliminary clinical trials of a α4β7 antagonist has been performed in asthma
(Ravensberg et al., 2006; Vanderslice et al., 2004).

Various animal models of allergic airways inflammation have been used to investigate the
effect of α4 integrin inhibitors in the lung (Borchers et al., 2001; Henderson et al., 1997;
Kanehiro et al., 2000; Kraneveld et al., 1997; Okigami et al., 2007). A dual α1 integrin small
molecule antagonist decreases airways hyperresponsiveness and the recruitment of leukocytes
into the airway of Brown Norway rats exposed to aerosolized antigen (Cortijo et al., 2006).
The administration of a small molecule α4β1 antagonist reduced airways hyperresponsiveness
to inhaled carbachol and airway inflammatory cell infiltration in sheep exposed to Ascaris
antigen (Abraham et al., 2000). In rabbits exposed to Alternaria tenuis antigen, the
administration of a monoclonal antibody to α4β1 reduced airways hyperresponsiveness during
the early asthmatic reaction phase. It was hypothesized that VLA-4 integrin was a trigger for
mast cell degranulation (Gascoigne et al., 2003). Our results differ from these studies performed
in other animal models in that we found a significant anti-inflammatory effect of the α4β1
antagonist, but no effect on airways hyperresponsiveness. This perhaps can be explained by
our use of BALB/c mice. This strain demonstrates significant airways hyperresponsiveness at
baseline (as seen by our data) and is considered a ‘high-responder’ to inhaled allergen. Any
beneficial effect of the integrin inhibitor on inflammation may not carry over to an effect on
lung function. On the other hand, different types of drugs were used in all of these studies, and
the observed lung function responses may reflect the differences in experimental design.

It is well known that small molecule inhibitors vary in potency. Recently, important
improvements in the design and potency of small molecule integrin inhibitors have followed
elucidation of the crystalline structure of the integrin (αvβ3) in 2001 (Xiong et al., 2001). The
α4 integrins, in particular, have become attractive targets in the pharmaceutical industry for
the development of small molecule inhibitors (Pepinsky et al., 2005; Singh et al., 2004;
Wattanasin et al., 2001). In general, integrins have been difficult targets for the design of small
molecule inhibitors because of their high molecular weight, a lack of detailed structural
information, and multiple antagonist specificities.

We have previously developed α4β1 antagonists using a unique ‘one-bead, one-compound,
combinatorial library method (Liu et al., 2006; Peng et al., 2006). To address the issue of
bioavailability of our small molecule antagonists, we hypothesized that the PEG compound
would remain in the blood circulation longer than the non-PEGylated formulations and would
be more efficacious. We covalently attached the antagonist to PEG, based upon the work of
Pepinsky and colleagues, who administered a PEGylated α4β1 small molecule inhibitor (1 mg/
kg) to female Lewis mice injected with myelin basic protein, an injury model of encephalitis
(Pepinsky et al., 2005). Compared to a non-PEGylated inhibitor (BIO5192, 30mg/kg), the
PEGylated compound reduced the number of days of the rats had an increased paralysis score,
thereby suggesting that PEGylation improved the bioavailability and potency of the compound.
We found a similar effect on inflammation in the lung with the PEGylated compounds; in
addition, we found that the different homologues of the PEGylated molecule had significantly
different properties.

The number of inflammatory cells in the lung lavage of ovalbumin -exposed mice was
significantly less in the animals injected with the T-PEG-LLP2A, compared to those treated
with the non-PEGylated compound at the one week time point. Certainly, the tetravalent T-
PEG structure had more binding sites for α4β1 integrin than did the other compounds, but we
would suggest that the shape of the T-PEGylated modification to the antagonist also decreased
the serum binding of the inhibitor to a greater degree than either the L-PEG-LLP2A or B-PEG-
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LLP2A compounds. Other groups have found less serum protein binding in the PEG-modified
compounds; this may also vary among the PEGylated structures (Pepinsky et al., 2005), but
we did not specifically test this hypothesis.

Several limitations to our study are apparent. First, we did not measure the pharmacokinetics
of the PEGylated compounds in the mouse to determine optimal dosing. However, we believe
that the magnitude of the anti-inflammatory effect of the compounds seen at the dosing interval
chosen demonstrates efficacy. Further studies that test different dosing regimens may be
warranted in the future. Second, we did not confirm the deposition of the synthesized
compounds in the lung by in vivo imaging; however, we have shown previously that dye-
labeled LLP2A can be imaged in subcutaneous xenografts of Molt-4 (α4β1-positive) tumors
(Peng et al., 2006). We attempted to address this question by performing preliminary
experiments to image fluorescently labeled inhibitors with a whole animal CAT scanner.
Unfortunately, we were unable to identify these compounds in the lung and suspect that the
level of detection of the instrument was insufficient to detect the labeling of the lung
parenchyma. Third, the number of animals that were tested with each compound was small.
We invested significant effort in assuring the purity of each drug and were constrained by the
limited amount of these antagonists in each experiment. In this regard, these experiments
should be considered proof-of-concept. Fourth, though the antagonist had a potent anti-
inflammatory effect, we did not find an effect on airways hyperresponsiveness. This
discrepancy is not unique and has been reported in a host of other small animal studies. This
finding reinforces the point that, as in asthma, eosinophilic airway inflammation and airway
hyperresponsiveness may be independent processes, each with its own cascades of mediators
that may or may not overlap. Our findings should not discourage, and we believe strongly
encourage, further testing of these inhibitors in pre-clinical asthma models.

Consistent with the findings of others, we found that a synthetic, small molecule antagonist
for α4β1 can inhibit the infiltration of eosinophils and lymphocytes into the lungs of mice
exposed to ovalbumin lbumin. In addition, we demonstrated that specifically engineered
PEGylated antagonists can improve the efficacy of these potential therapeutic agents. Still,
these results provide evidence that encourages the further development of α4β1 inhibitors in
inflammatory airways diseases and suggests that several drug designs should be tested in pre-
clinical studies to optimize efficacy.
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Fig. 1.
Chemical structure of LLP2A, S-LLP2A, L-PEG-LLP2A, B-PEG-LLP2A, and T-PEG-
LLP2A.
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Fig. 2.
Total lung lavage cells from groups of mice exposed to ovalbumin six times over two weeks
(Experiment 1). There was no significant difference among the ovalbumin exposed groups
treated with either low- or high-dose LLP2A or the inactive compound S-LLP2A. The number
in parentheses is the number of animals in each group. Means are expressed ± S.E.M.
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Fig. 3.
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A and B. Total lung lavage cells from groups of mice exposed to ovalbumin three (one week,
Figure 3a) and six times (two weeks, Figure 3b). There was a significant decrease in total cells
in all groups treated with the LLP2A antagonist at one week (P=0.02). Mice treated with the
T-PEG-LLP2A had significantly less lung lavage cells compared to the mice treated with the
inactive compound (P<0.001) and significantly less cells compared to the non-PEGylated
antagonist LLP2A (P=0.0016). The number in parentheses is the number of animals in each
group. Means are expressed ± S.E.M.
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Fig. 4.
A and B. Total lung lavage eosinophils from groups of mice exposed to ovalbumin three (one
week, Figure 4a) and six times (two weeks, Figure 4b). There was a significant decrease in
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total cells in all groups treated with the LLP2A antagonist at one week (P=0.05). The number
in parentheses is the number of animals in each group. Means are expressed ± S.E.M.

Kenyon et al. Page 17

Eur J Pharmacol. Author manuscript; available in PMC 2010 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
A–D. Representative lung sections from mice exposed to ovalbumin and treated with either
the inactive compound S-LLP2A (a, upper left), LLP2A (b, upper right), B-PEG-LLP2A-
LLP2A (c, lower left), or T-PEG-LLP2A-LLP2A (d, lower right) over one week in Experiment
2. There were fewer subepithelial inflammatory cells in both groups treated with the PEG-
formulations (c, d) compared to the mice treated with the inactive compound (a). The
photographed airways are of the first to second branching generation from the primary left
lobar bronchus, H and E sections, 40x.
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Fig. 6.
Total R-SH (sulfhydryl) plasma concentration from one week (3 ovalbumin) exposed mice
treated with inactive compound S-LLP2A or LLP2A or B-PEG-LLP2A- or L-PEG-LLP2A
compounds. We found increased total R-SH, suggesting less oxidative stress, in blood plasma
in mice treated with B-PEG-LLP2A compared to mice treated with the inactive compound
(P=0.045).
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Fig. 7.
A and B. Change in total lung compliance (a) and lung resistance (b) after inhalation of
increasing doses of nebulized methacholine (0–2 mg/ml) compared to baseline in Experiment
1. Filled squares indicates all mice from combined air groups (n=7), filled circles indicates 3
ovalbumin + low dose LLP2A (n=2), open square indicates 6 ovalbumin + low dose LLP2A
(n=2), open triangle indicates 6 ovalbumin + high dose LLP2A (n=3), open circle indicates 6
ovalbumin + S-LLP2A (n=4). Means are expressed ± S.E.M.
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Fig. 8.
Change in total lung compliance (a) and lung resistance (b) after inhalation of increasing doses
of nebulized methacholine (0–2 mg/ml) compared to baseline in Experiment 4. Filled squares
indicates 3 ovalbumin + S-LLP2A (n=4), filled circles indicates 3 ovalbumin + LLP2A (n=4),
filled triangles indicates 3 ovalbumin + BPEG- LLP2A (n=4), open square indicates 3
ovalbumin + LPEG-LLP2A (n=4). Means are expressed ± S.E.M.
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Scheme 1.
Synthetic approach to L-PEG-LLP2A, B-PEG-LLP2A, and T-PEG-LLP2A
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